Continual spermatogenesis is the cornerstone of male fertility and relies on the actions of an undifferentiated spermatogonial population comprised of stem cells and progenitors. A foundational spermatogonial stem cell (SSC) pool is established during postnatal development that serves as a self-renewing reservoir from which progenitor spermatogonia arise that transiently amplify in number before committing to terminal differentiation. At present, the underlying molecular mechanisms governing these actions are undefined. Using conditional mutant mouse models, we investigated whether function of the undifferentiated spermatogonial population during postnatal life is influenced by the tumor suppressor protein RB1. Spermatogenesis initiates in mice with conditional inactivation of Rb1 in prospermatogonial precursors, but the germline is progressively lost upon aging due to impaired renewal of the undifferentiated spermatogonial population. In contrast, continual spermatogenesis is sustained following Rb1 inactivation in progenitor spermatogonia, but some cells transform into a carcinoma in situ-like state. Furthermore, knockdown of Rb1 abundance within primary cultures of wild-type undifferentiated spermatogonia impairs maintenance of the SSC pool, and some cells are invasive of the basement membrane after transplant into recipient testes, indicating acquisition of tumorigenic properties. Collectively, these findings indicate that RB1 plays an essential role in establishment of a self-renewing SSC pool and commitment to the spermatogenic lineage within progenitor spermatogonia.
INTRODUCTION
Spermatogenesis is a classic model of cycling developmental cell lineages, relying on the activities of an undifferentiated population comprised of spermatogonial stem cells (SSCs) and transient amplifying progenitor spermatogonia [1] . Selfrenewal of SSCs maintains a foundational pool from which progenitor spermatogonia arise that transiently amplify in number before transitioning to a differentiating state [2, 3] . This transition is marked by attained expression of the transmembrane receptor KIT that involves transcriptional and posttranscriptional mechanisms [4, 5] . Differentiating spermatogonia undergo several rounds of mitotic division before proceeding through two meiotic divisions as spermatocytes and haploid gametes are eventually produced. This process is supported by intimate association of developing germ cells with several somatic cell populations; most notably Sertoli cells [6] . Continuity of spermatogenesis requires a new cohort of progenitor spermatogonia to form following each round of differentiation, and the SSC pool serves as a reservoir from which progenitors initially arise.
The framework for a replenishing undifferentiated spermatogonial population is established during early postnatal life when a primary population arises from prospermatogonial precursors. In mice, proliferative prospermatogonia form at Embryonic Day (ED) 13.5 and enter mitotic arrest around ED 15 [7, 8] . Between Postnatal Days (PD) 0 and 3, cell cycle progression reinitiates, and a subset of prospermatogonia transition to an undifferentiated spermatogonial state. The population expands in number between PD 3 to 6, yielding an initial progenitor fraction that transition to a differentiating state around PD 7-8 [9, 10] . Importantly, a foundational SSC pool becomes specified within the primary undifferentiated spermatogonial population during this time. Also during neonatal development, another subset of prospermatogonia transition directly to a differentiating spermatogonial state, and these cells derive the first round of spermatogenesis culminating around PD 28-35 [8, 11, 12] . All the subsequent rounds of spermatogenesis in adulthood derive from undifferentiated progenitor spermatogonia that arose from the foundational SSC pool.
Disruption in the formation of the renewing undifferentiated spermatogonial population during neonatal development can have dire consequences on establishment of a cycling spermatogenic lineage and fertility in adulthood. In addition to the capacity for renewal, maintenance of spermatogenic lineage commitment by undifferentiated spermatogonia is essential for continual spermatogenesis [13] . Furthermore, testicular germ cell tumors are known to arise from prospermatogonia that fail in transition to a postnatal undifferentiated spermatogonial state [14] . At present, the molecular mechanisms controlling specification of the SSC pool and maintenance of spermatogenic lineage commitment within SSCs and progenitor spermatogonia are unknown.
Decades of research have established that retinoblastoma protein (RB1), the product of tumor suppressor gene Rb1, controls cell cycle progression in differentiated somatic cells [15] , but only recently has an influence on fate determination of stem cells and progenitors of somatic cell lineages started to emerge [16] . At present, the role of RB1 in spermatogenesis has remained undefined, due mainly to embryonic lethality of Rb1-null mice. In a recent study, Hu et al. [17] discovered that mice with germline inactivation of Rb1 beginning at the prospermatogonial stage are infertile as a result of progressive loss of the germline at 2 mo of age. However, the role of RB1 in SSCs specifically and progenitor spermatogonia during postnatal life was not determined. Here, we also generated mice with conditional inactivation of Rb1 within prospermatogonia and found that formation of the SSC pool during neonatal development is impaired, leading to loss of the germline in adulthood. In addition, we generated mice with conditional inactivation of Rb1 within progenitor spermatogonia during postnatal life and discovered that some cells adopt an aberrant phenotype that resembles carcinoma in situ (CIS). Collectively, the results of this study confirm a role for RB1 in specification and self-renewal of the SSC pool as well as expand understanding of an influence on spermatogenic lineage commitment in progenitor spermatogonia.
MATERIALS AND METHODS

Animals
The animal procedures were approved by the Washington State University Institutional Animal Care and Use Committee (IACUC). Rb1 floxed (Rb1 fl/fl ) mice (NCI Mouse Repository) were maintained on a 129;FVB background [18] . Ddx4-cre, Neurogenin 3-cre (Neurog3-cre), and Stra8-cre lines were obtained from The Jackson Laboratory. 
Histology and Immunohistochemistry
Testes were fixed in 4% paraformaldehyde or Bouin solution and embedded in paraffin. For histological evaluation, cross-sections (5 lm thickness) were stained with hematoxylin and eosin. RB1, ZBTB16, LIN28, GCNA1, gH2A.X, STRA8, KIT, and SOX9 expression were detected by immunofluorescent staining. Antigen retrieval was achieved by incubating sections in boiling Na citrate buffer (pH 6.0). Sections were then incubated with 10% normal donkey or goat serum for 1 h at room temperature to block for nonspecific antibody binding. Primary antibodies (Supplemental Table S1 ; all the Supplemental Data are available online at www.biolreprod.org) were added to sections for overnight incubation at 48C. Sections were then washed in PBS and incubated with secondary antibodies (Supplemental Table S1 ) for 2 h at room temperature. Slides were mounted with ProLong Gold antifade reagent containing 4 0 ,6-diamidino-2-phenylindole (DAPI) (Invitrogen), viewed by fluorescent microscopy, and digital images were captured with a DP72 microscope camera and CellSense acquisition software. Quantification of GCNA1 þ , ZBTB16 þ , and LIN28 þ cells was conducted by counting stained cells within 20 different cross-sections (.60 round tubules) for each animal, and three different animals of each genotype were examined. For comparison between genotypes, the number of GCNA1 þ , ZBTB16
þ , and LIN28 þ cells per seminiferous tubule cross-section was normalized to the corresponding number of SOX9
þ Sertoli cells within the cross-sections.
Western Blot Analysis and Immunoprecipitation
For immunoprecipitation, protein lysates (200 lg) from whole testes or primary cultures of undifferentiated spermatogonia were collected in RIPA buffer and incubated with RB1 antibody (1:200; BD Pharmingen) or normal mouse immunoglobulin G (Santa Cruz) for 4 h at 48C. Samples were then incubated with Protein A/G agarose beads (Santa Cruz) with gentle shaking for 2 h at 48C, and the immunoprecipitates were collected by centrifugation at 1000 3 g for 30 sec. The immunoprecipitated complexes were washed in RIPA buffer and separated using SDS-PAGE followed by transfer to nitrocellulose membranes for detection of ID4 by Western blot analysis. For each sample, 25 lg of protein was separated by NuPAGE 4%-12% bis-Tris gel electrophoresis (Invitrogen), followed by transfer to nitrocellulose membranes. Membranes were incubated with a mouse anti-human ID4 antibody (Abnova) (1:1000) overnight at 48C. Blots were washed in Tris-buffered saline with Tween 20 (0.05 M Tris, 0.138 M NaCl, 0.0027 M KCl, 0.05% Tween-20; pH 8.0) and then incubated with horseradish peroxidase-conjugated secondary antibody (1:5000; Santa Cruz Biotechnology). Signal was detected using PicoWest chemiluminescent substrate (Thermo Scientific), and digital images were captured and analyzed with a luminescent imager (Fuji Medical System).
Primary Cultures of Wild-Type Undifferentiated Spermatogonia and Germ Cell Transplantation Analyses
Primary cultures of undifferentiated spermatogonia were established and transfected with target-specific small interfering RNA (siRNA) to induce transient reduction of abundance as described previously [19] . Germ cell transplantation analyses were then conducted to examine alteration of regenerative capacity by the primary cultures as described previously [20] . Briefly, single cell suspensions of Rb1 or control siRNA-treated cells were collected 6 days after treatment and suspended in mouse serum-free media [21] at a concentration of 1 3 10 6 cells/ml. Approximately 8-10 ll of cell suspension was microinjected per testis into the seminiferous tubules of C57BL/6J 3 129S1/svlmJ F1 recipient mice pretreated with busulfan (50 mg/ kg) to eliminate endogenous germ cells. Colonies of donor-derived spermatogenesis within recipient testes were quantified 2 mo posttransplantation by X-gal staining.
Proliferation and Apoptosis Analyses
Mouse pups at PD 1, 2, and 6 were injected with 20 ll of EdU (5-ethynyl-2 0 -deoxyuridine; 20 lM in PBS), and testes were fixed in 4% paraformaldehyde 2 h later. EdU incorporation was detected in cross-sections of testes using the Click-iT EdU AlexaFluor 488 Assay Kit (Invitrogen). Apoptotic cells were detected in cross-sections of testes using an In Situ Cell Death Detection Kit (Roche Applied Science). After EdU labeling or TUNEL (terminal deoxynucleotidyl transferase dUTP nick endlabeling), cross-sections were costained with GCNA1 or ZBTB16 to identify proliferative or apoptotic germ cells and undifferentiated spermatogonia, respectively. EdU incorporation in primary cultures of undifferentiated spermatogonia was measured using flow cytometric analyses as described previously [22] .
Alkaline Phosphatase Staining
Testes from Rb1-cKO Stra8 and control animals were snap frozen in liquid nitrogen and cryosections adhered to glass slides. Alkaline phosphatase activity was detected by enzymatic reaction using an ES cell characterization kit (Millipore).
Quantitative Real Time RT-PCR
RNA samples were isolated using Trizol reagent and treated with DNaseI followed by reverse transcription using oligo (d)T priming and Superscript III reverse transcriptase (Invitrogen). Quantitative real-time RT-PCR reactions were performed using Taqman or Sybr green detection with validated primers for Rb1, Ccnd1, Ccnd2, Ccnd3, Ccne1, and Ccne2 (see Supplemental Table  S2 ). Primers for the constitutively expressed gene ribosomal protein S2 (Rps2) was used for normalization, and all the reactions were carried out using an ABI 7500 Fast Sequence Detection system (Applied Biosystems). Relative transcript abundance in each sample was determined using the formula: 2 ÀDDCT as described previously [5] .
Statistical Analyses
All the quantitative data are presented as mean 6 SEM for at least three biological replicates. Differences between means were determined using the general linear model one-way ANOVA function of SAS software. Multiple comparisons analysis was conducted using Tukey post hoc test. Differences between means were considered significant at P , 0.05.
RESULTS
Inactivation of Rb1 in Prospermatogonia Leads to Testicular Atrophy and Infertility in Adulthood
Previous studies found RB1 expression in a subset of spermatogonia and Sertoli cells within mouse and human testes [23, 24] , but particular subtypes of spermatogonia were undefined. Using coimmunofluorescent staining, we found RB1 localizes to spermatogonia that also express ZBTB16, a previously described marker of undifferentiated spermatogonial subtypes [25, 26] at PD 6 and 2 mo of age (Supplemental Fig. S1A ). Also, in a recent study, we discovered the transcriptional repressor ID4 is expressed selectively by a subpopulation of undifferentiated spermatogonia and influenc-YANG ET AL.
es self-renewal of SSCs [27] . Using coimmunoprecipitation, we found that RB1 and ID4 physically interact within mouse testes as well as primary cultures of undifferentiated spermatogonia (Supplemental Fig. S1B ). These findings demonstrate the RB1 is expressed by undifferentiated spermatogonia and interacts with components of the self-renewal machinery within SSCs.
To explore whether RB1 influences fate decisions of undifferentiated spermatogonia, germline conditional knockout mice were generated using Cre-LoxP methodology. Rb1 floxed mice (Rb1 fl/fl ) were crossed with Ddx4-Cre transgenic mice that express CRE recombinase in prospermatogonia beginning at ED 15.5-17 [28] . The resulting conditional knockout mice (Ddx4-Cre;Rb1 fl/À , designated hereafter as Rb1-cKO Ddx4 ) lack RB1 in the germline during postnatal life. Heterozygous littermates (Ddx4-Cre;Rb1 þ/À ) were used as controls for comparison. Rb1 transcript abundance was significantly reduced in testes of Rb1-cKO Ddx4 mice compared to controls at PD 2, and RB1 protein was not detectable in spermatogonia by immunostaining in Rb1-cKO Ddx4 mice at PD 6 (Supplemental Fig. S2 ). Testis weight was not different for Rb1-cKO Ddx4 mice compared to controls at PD 35 when the first round of spermatogenesis has just completed ( Fig. 1, A and B) . In stark contrast, testes from older Rb1-cKO Ddx4 males were severely atrophied, with the testis-to-body weight ratio being reduced by 59% and 74% compared to controls at PD 60 and 150, respectively ( Fig. 1A and 1B) . Mating with wild-type female mice revealed that 100% of Rb1-cKO Ddx4 male mice were fertile at PD 45-50 (Fig. 1C) . However, between PD 60 and 90, all the Rb1-cKO Ddx4 males examined were sterile, but all the control males were fertile (Fig. 1C ). Plugs were evident in females housed with Rb1-cKO Ddx4 males, indicating normal mating behavior. In addition, spermatozoa were evident in cross-sections of epididymides for both control and Rb1-cKO Ddx4 mice at PD 35, but absent for Rb1-cKO Ddx4 mice at PD 60, confirming an azoospermic condition (Fig. 1D ). Taken together, these findings demonstrate that RB1 is dispensable within the germline for the first round of spermatogenesis but required for fertility in adulthood.
A Cycling Spermatogenic Lineage Is Not Sustained in Testes of Rb1-cKO Ddx4 Mice
Next, we aimed to determine the cause of azoospermia in Rb1-cKO Ddx4 mice. Histological examination of testis crosssections revealed progressive loss of the germline upon aging ( Fig. 2A) . Prior to adulthood, all the seminiferous tubules contained premeiotic and meiotic germ cells at PD 14 and 21 (Supplemental Fig. S3 ), and normal spermatogenesis was observed at PD 35 for Rb1-cKO Ddx4 and control mice ( Fig.  2A) . However, impaired spermatogenesis was evident in testes of Rb1-cKO Ddx4 mice at PD 60, including the appearance of seminiferous tubules completely lacking germ cells. A lack of detectable immunostaining for the pan germ cell marker GCNA1 but the presence of cells staining for the Sertoli cell marker SOX9 confirmed a Sertoli-cell-only phenotype in these tubules (Fig. 2B) . Also, some seminiferous tubules contained elongate spermatids, but underlying layers of spermatogonia and spermatocytes were lacking. Quantification of these observations revealed that 66.5% 6 0.9% of seminiferous tubule cross-sections contained disrupted spermatogenesis at 
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PD 60, increasing to 96.5% 6 0.2% at PD 150 (Fig. 2C) . Importantly, 42.2% 6 4.1% of seminiferous tubule crosssections contained a Sertoli-cell-only phenotype at PD 60, increasing to 71.9% 6 1.8% at PD 150 (Fig. 2D) . Collectively, these findings suggest that deletion of RB1 in prospermatogonia does not affect the first round of spermatogenesis, but subsequent generation of new spermatogonial cohorts is impaired. Furthermore, complete loss of the germline indicates lack of an SSC pool to replenish the progenitor spermatogonial population.
Renewal of the Initial Undifferentiated Progenitor Spermatogonial Population During Neonatal Development Is Impaired in Testes of
Maintenance of a cycling spermatogenic lineage in adulthood relies on renewal of the undifferentiated spermatogonial population. A foundational pool of SSCs that is specified during neonatal development provides a reservoir from which new cohorts of progenitor spermatogonia arise. Results of previous studies suggest that the SSC pool is specified during PD 3-6 and replenishment of the initial progenitor population occurs during PD 8-10 in testes of mice [10, 29] . Thus, we aimed to determine whether the framework for establishment of a renewing undifferentiated spermatogonial population is disrupted in testes of mice lacking germline expression of RB1. Quantification of prospermatogonial number at PD 0 within cross-sections of seminiferous tubules revealed no difference between testes of control and Rb1-cKO Ddx4 mice ( Fig. 3A and 3B ). In addition, EdU incorporation that occurs during S-phase of the cell cycle was not evident for germ cells in cross-sections of seminiferous tubules from either Rb1-cKO Ddx4 or control mice at PD 1. However, GCNA1
þ /EdU þ germ cells were detected at PD 2 in testes from both control and Rb1-cKO Ddx4 mice, indicating that the timing of reentry into mitosis during neonatal development was not disrupted (Fig. 3C) . At PD 6, the total numbers of germ cells (GCNA1 þ ) and undifferentiated spermatogonia (ZBTB16 þ /LIN28 þ ) per seminiferous tubule cross-section were not different between Rb1-cKO Ddx4 and control mice (Fig. 3, A, B, D , and E). These findings suggest that RB1 lossof-function beginning at the prospermatogonial stage does not disrupt survival of prospermatogonia or formation of the primary undifferentiated spermatogonial population during neonatal development. However, it is possible that the progenitor population materializes without specification of a foundational SSC pool. If this is the case, the progenitor pool YANG ET AL.
would not be replenished after a cycle of transition to a differentiating state. To explore this possibility, we examined the undifferentiated population in more detail from PD 6 to 10.
Quantification of ZBTB16 þ /LIN28 þ germ cells capable of incorporating EdU at PD 6 revealed a significantly greater number of undifferentiated spermatogonia in S-phase of the cell cycle within testes of Rb1-cKO Ddx4 mice compared to controls (Fig. 3, F and G) . However, the number of apoptotic undifferentiated spermatogonia (TUNEL þ /ZBTB16 þ cells) was not different between the two genotypes (Fig. 3, F and  H) . The impact of this increased mitotically active spermatogonial population was evident at PD 10 when the number of
þ spermatogonia per seminiferous tubule cross-section was significantly greater for Rb1-cKO Ddx4 mice compared to controls (Fig. 3, D and E) . Importantly, examination of testis cross-sections for expression of the differentiating spermatogonial marker KIT revealed that most of the ZBTB16 þ spermatogonia in testes of Rb1-cKO Ddx4 mice had transitioned to a differentiating state, indicating lack of a sustained undifferentiated progenitor population (Fig. 3I) . In contrast, only a subset of the ZBTB16 þ spermatogonia were KIT þ in testes of control mice indicating maintenance of the undifferentiated pool (Fig. 3I) . During normal development, the initial progenitor spermatogonia population transitions to a 
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differentiating state at periodic intervals along the length of a seminiferous tubule beginning around PD 8, and a new cohort arises from the SSC pool. Thus, at PD 10 the lack of an undifferentiated progenitor pool indicates disruption in this mechanism. Taken together with the appearance of Sertoli-cellonly tubules after PD 35, these findings indicate that the primary progenitor spermatogonial population materializes in testes of Rb1-cKO Ddx4 mice but an SSC reservoir is not present to replenish the germline.
Inactivation of Rb1 in Progenitor Spermatogonia Impairs Spermatogenic Lineage Commitment
The testicular phenotype of Rb1-cKO Ddx4 mice suggested formation of the progenitor component of the undifferentiated spermatogonial population is not affected by RB1 loss-offunction. However, Ddx4-Cre-mediated recombination in prospermatogonia and depletion of the germline with advancing age does not allow for examining cumulative effects from lack of RB1. To address this, Rb1 fl/fl mice were crossed with transgenic lines in which Cre expression is driven by the Neurog3 or Stra8 promoters within progenitor spermatogonia beginning at PD 3 [30, 31] . We generated both Stra8-Cre;Rb1 fl/fl and Neurog3-Cre;Rb1 fl/fl (referred to as Rb1-cKO Stra8 and Rb1-cKO Neurog3 , respectively) mice, and Rb1 fl/fl littermates were used as controls. At PD 60, the weight of testes from Rb1-cKO Neurog3 and Rb1-cKO Stra8 males were significantly reduced by 9% and 21% compared to controls, respectively (Supplemental Fig. S4 ), but fertility defects were not observed (Supplemental Fig. S4 ). This is in stark contrast to Rb1-cKO Ddx4 males in which all were infertile by PD 60 (Fig. 1) . Upon further examination, at least one testis from 44% of Rb1-cKO Neurog3 and 64% of Rb1-cKO Stra8 males contained noticeable cysts (Fig. 4A) . Interestingly, in 72% of animals, cysts were observed in the left testis only and the contralateral right testis was normal. Evaluation of cross-sections from cyst containing testes revealed an array of different phenotypes (Fig. 4B) . The cysts appeared to be dilated rete testes, similar in appearance to that reported for estrogen receptor alpha knockout (Erko) mice [32] . Also, in testes of both Rb1-cKO Neurog3 and Rb1-cKO Stra8 mice, the rete testis lumen contained single nucleated round cells and multinucleated giant cells (Fig. 4C) , which was not observed in cross-sections of testes from control mice. In addition, spermatozoa were observed in cross-sections of epididymis from testes not containing cysts but were absent in cross-sections of epididymis from testes containing cysts (Fig. 4D) .
Further evaluation of cross-sections from testes of both Rb1-cKO Neurog3 and Rb1-cKO Stra8 mice revealed regions of seminiferous tubules with normal spermatogenesis and regions with disrupted spermatogenesis (Fig. 4B) . Within the tubules containing disrupted spermatogenesis, the number of cells was severely diminished, and normal appearing germ cells were difficult to identify based on morphology (Fig. 4E) . However, immunostaining revealed the presence of cells expressing markers of Sertoli cells (SOX9 þ ), undifferentiated spermato-
, and spermatocytes (cH2AX þ ) (Fig. 4F) . In addition, tubules with impaired spermatogenesis contained dysplastic-shaped cells and multinucleated giant cells resembling a CIS morphology (Fig. 4E) . Furthermore, masses of cells staining for alkaline phosphatase activity were detected within seminiferous tubules containing disrupted spermatogenesis but not normal tubules (Fig. 4G) , which is a defining feature of CIS transformation in clinical human testicular dysgenesis [33] . Results of TUNEL staining (Fig. 4H) revealed no difference in apoptotic germ cells within seminiferous tubules of testes containing cysts (1.5 6 0.2 TUNEL þ cells/ tubule cross-section) compared to normal testes (1.6 6 0.2 TUNEL þ cells/tubule cross-section). The long held belief is that testicular CIS cells derive from primordial germ cells or prospermatogonia that fail to transition into postnatal undifferentiated spermatogonia [34] . Thus, these findings indicate loss of RB1 function in progenitor spermatogonia impairs maintenance of spermatogenic lineage commitment, thereby inducing some cells to adopt a CIS-like state.
Transient Reduction of Rb1 in Wild-Type Spermatogonia Impairs Maintenance of the SSC Pool and Spermatogenic Lineage Commitment
Based on the array of phenotypes in testes from Rb1-cKO mice, we next aimed to explore possible effects of transient inhibition of RB1 function on the fate decisions of wild-type SSC and progenitor spermatogonia. To achieve this, primary cultures of undifferentiated spermatogonia that consist of SSC (;10% of the population) and progenitor subpopulations were utilized [21, 35] . Donors were B6;129S-Gt (ROSA)26Sor/J mice that express the LacZ marker transgene in all germ cell types and contain intact Rb1 alleles, and siRNA treatment was used to induce transient reduction of Rb1 abundance (knockdown of ;60%, Supplemental Fig. S5A ). First, cells were transplanted into the seminiferous tubules of germ celldepleted recipient mice 6 days after siRNA treatment to assess effects on regenerative capacity. Examination of recipient testes 2 mo later revealed that Rb1 siRNA-treated cultures generated significantly fewer colonies of donor-derived spermatogenesis compared to cultures treated with control siRNA (Fig. 5, A and B) . In contrast, the total number of spermatogonia was not different between Rb1 siRNA-and control siRNA-treated cultures (Fig. 5C ). These results indicate that transient reduction of Rb1 abundance impaired maintenance of the SSC pool within the undifferentiated spermatogonial population but did not affect the survival or proliferation of the nonstem cell progenitor spermatogonial component.
Upon closer examination of recipient testes, we observed abnormal colonization of Rb1 siRNA-treated cells (Fig. 5D and Supplemental Fig. S5 ). In all testes examined, large clumps of LacZ stained donor cells were apparent towards the periphery of recipient seminiferous tubules (Fig. 5D) . Histological evaluation revealed that Rb1 siRNA-treated cells had breached the basement membrane and invaded into the interstitial space (Fig. 5E) . In a previous study, this effect was also observed following transplant of cultured spermatogonia modified to overexpress an activated form of RAS oncoprotein or cyclin D2 and E [13] . Considering that RB1 is known to repress expression of cyclins to prolong G1/S phase progression in somatic cells [15] , we examined whether cell cycle progression was altered in siRNA-treated cells. The percentage of cells incorporating EdU was found to be significantly increased in Rb1 siRNA-treated cultures compared to controls after only 48 h (Fig. 5F ). In addition, quantitative real-time RT-PCR analyses revealed that the transcript abundance of Ccnd2 and Ccne1, but not Ccnd1, Ccnd3, or Ccne2, was significantly increased in Rb1 siRNA-treated cultures compared to controls after 48 h (Fig. 5G) . Collectively, these findings imply that RB1 repression of cell cycle progression and SSC fate decisions are intimately linked. Furthermore, the invasiveness of transplanted spermatogonia following a period of RB1 deficiency suggests an association of cell cycle regulation and tumorigenesis in undifferentiated spermatogonia.
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DISCUSSION
Overall, the results of the current study suggest that specification of the SSC pool during neonatal development requires expression of RB1. On the other hand, RB1 is dispensable for emergence of the initial undifferentiated progenitor and differentiating spermatogonial populations. At PD 35, all the seminiferous tubules in testes of Rb1-cKO Ddx4 mice were found to contain elongate spermatids that were derived from the initial differentiating spermatogonia. In Neurog3 mouse. B) Cross-sections from testes of adult control and Rb1-cKO Neurog3 mice stained with hematoxylin and eosin. Seminiferous tubules containing disrupted spermatogenesis (arrow) are evident in addition to the dilated rete testis region (asterisk). C) Hematoxylin-stained cross-section from the rete testis region of an Rb1-cKO Neurog3 mouse. D) Hematoxylin and eosin-stained cross-sections from caput epididymis associated with normal and cyst containing testes of an Rb1-cKO Neurog3 mouse at PD 60. Spermatozoa are evident within epididymal tubules associated with the normal testis but absent within tubules associated with the cyst-containing testis. E) Hematoxylin and eosin-stained cross-sections of seminiferous tubules from testes of control mice and cyst containing testes from Rb1-cKO Neurog3 and Rb1-cKO Stra8 mice. Normal spermatogenesis is evident within seminiferous tubules from control mice, and tubules from Rb1-cKO Neurog3 and Rb1-cKO Stra8 mice contain disrupted spermatogenesis and abnormal germ cells with a CIS-like morphology (arrow). F) Immunofluorescent staining for markers of Sertoli cells (SOX9), germ cells (GCNA1), undifferentiated spermatogonia (ZBTB16/LIN28), premeiotic spermatogonia (STRA8), and meiotic spermatocytes (gH2A.X) in crosssections of seminiferous tubules from normal and cyst containing testes of an Rb1-cKO Neurog3 mouse. G) Alkaline phosphatase (AP) staining of crosssections from normal and cyst testes of an Rb1-cKO Neurog3 mouse. AP þ cells are evident within seminiferous tubules of the cyst containing testis (arrow). H) Immunofluorescent staining for GCNA1 þ and TUNEL þ cells in cross-sections of seminiferous tubules from normal and cyst testes of an Rb1-cKO addition, testes at this age contained other maturing germ cell types that must have arisen from the initial progenitor spermatogonial population that formed during PD 0-6 in both control and Rb1-cKO Ddx4 mice. The presence of seminiferous tubules with a Sertoli-cell-only phenotype at PD 60 (.42% of tubules) must result from lack of SSCs to provide a new cohort of progenitor spermatogonia. The presence of germ cells in 58% of seminiferous tubule cross-sections likely reflects staggered commitment to differentiation by progenitor spermatogonia that occurs along the length of seminiferous tubules. If this notion is correct, progressive increase in the percentage of seminiferous tubule cross-sections with a Sertoli-cell-only phenotype would be expected with advancing age. Indeed, this was the case with .72% of seminiferous tubule cross-sections being devoid of germ cells at PD 150.
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Collectively, our findings suggest that specification of the SSC pool within the primary undifferentiated spermatogonial population during neonatal development is disrupted. As a result, the progenitor spermatogonial population is not renewed after commitment to differentiation occurs at periodic intervals and the population is eventually exhausted. In testes of mice, the undifferentiated spermatogonial population is established during PD 3 and 8 [29] . This process includes formation of a foundational SSC pool and an initial progenitor population. In the current study, we found that formation of a pool of spermatogonia that express undifferentiated markers (i.e., ZBTB16 and LIN28) is similar in testes of wild-type mice and mice with germline inactivation of Rb1 at PD 6. However, by PD 10, nearly all of these spermatogonia are KIT þ in Rb1-cKO Ddx4 mice, indicating transition to a differentiating state. In stark contrast, the ZBTB16 þ spermatogonial population is mostly KIT À , and only a subset of cells are KIT þ in testes of wild-type mice at PD 10. While ZBTB16 has classically been considered a specific marker of undifferentiated spermatogonia, several recent studies have observed overlap in expression with KIT in a subset of differentiating spermatogonia [36] . Thus, expression of ZBTB16 is likely retained when undifferentiated spermatogonia initially transition to a differentiating state. Deficiency of a ZBTB16 þ /KIT À population in testes of Rb1-cKO Ddx4 mice indicates that the undifferentiated spermatogonial population is not renewed after the progenitor pool transitions to a differentiating state. This impairment must occur due to the lack of an SSC reservoir from which the next cohort of progenitors would arise, supporting the notion that a foundational pool is not established during postnatal development.
A surprising finding of the current study is that the influence of RB1 on fate determination is dramatically different in prospermatogonia compared to progenitor spermatogonia. While conditional inactivation in prospermatogonia impairs formation of the SSC pool, loss of RB1 function in progenitor spermatogonia leads to apparent disruption of spermatogenic lineage commitment. Importantly, we found that the testicular phenotypes of Rb1-cKO Neurog3 and Rb1-cKO Stra8 are identical. In both mutant models, cells with CIS-like characteristics form within a subset of seminiferous tubules and spermatogenesis is disrupted. Within human testes, RB1 expression is known to be reduced or lost in both testicular germ cell tumors [37] and CIS transformation [38] . CIS cells are thought to be prospermatogonial precursors that do not transition to a postnatal undifferentiated spermatogonial phenotype during neonatal development of the spermatogenic lineage [39] . Thus, conditional inactivation of the Rb1 gene in progenitor spermatogonia appears to affect lineage commitment, causing reversion to a more primitive state.
The influence of RB1 on fate determination in SSC and progenitor spermatogonia is likely multifaceted. In somatic cells, phosphorylation of RB1 by cyclin-dependent kinases (CDKs) drives G1/S transition, and a balance in cell cycle progression is provided by the counteraction of CDK inhibitors (CKIs) [40] . In the male germline, results of previous loss-offunction experiments revealed that members of the CDK and CKI families influence meiotic progression of spermatocytes but not spermatogonial development [41, 42] . Surprisingly, we found germline deficiency of RB1 does not impair meiosis, and normal haploid germ cells are produced. Interestingly, the percentage of undifferentiated spermatogonia in S-phase of the cell cycle was found to be significantly increased in testes of Rb1-cKO Ddx4 mice and primary cultures of wild-type undifferentiated spermatogonia following transient reduction of Rb1 abundance. These findings suggest that RB1 influence on cell cycle progression does affect fate determination in SSCs and progenitor spermatogonia. Previous studies of the hematopoietic lineage found that repression of cell cycle progression is critical to prevent exhaustion of the stem cell pool [43, 44] ; however, inactivation of RB1 in hematopoietic stem cells does not alter their function [45] . Thus, RB1 appears to impart a unique influence on maintenance of the stem cell state within the male germline.
At present, the mechanism by which RB1 influences cell cycle progression to alter fate determination in stem cells and progenitors is undefined. In this study, we found that expression of Ccnd2 and Ccne1 are increased following inhibition of RB1 within primary cultures of undifferentiated spermatogonia, but expression of Ccnd1 was unchanged and Ccne2 was decreased. Importantly, these alterations were associated with impaired maintenance of the SSC pool, and some cells were invasive of basement membrane following transplantation into testes of recipient mice. In a previous study, Lee et al. [13] found that activation of RAS or a combination of CCND2 and CCNE1 but not CCND1 overexpression in primary cultures of spermatogonia promotes self-renewal of SSCs independent of growth factor stimulation. In addition, some of those cells displayed tumorigenic properties following transplantation into testes of recipient mice, including invasiveness of the interstitial space between seminiferous tubules. It is unclear how RB1 influences expression of Ccnd2 and Ccne1 specifically within the undifferentiated spermatogonial population. However, in somatic cells, RB1 is known to suppress the transcription factor E2F1. Interestingly, overexpression of E2F1 leads to CIS transformation in mouse testis [46] , while inactivation causes testicular atrophy and some tubules completely lack the germline [47] . Classic E2F1 target genes include Ccnd2 and Ccne1; therefore, inactivation of RB1 likely allows for uncontrolled expression. Collectively, these findings suggest self-renewal and suppression of tumorigenic potential are intimately linked to regulation of cell cycle progression within the undifferentiated spermatogonial population.
Another potential mechanism of RB1 influence on fate determination in spermatogonia is physical association with ID4 that was detected within primary cultures of undifferentiated spermatogonia in the current study. In somatic cells, interaction between ID2 and RB1 influences cell cycle progression, differentiation, and prevents tumorigenesis [48] . However, association with other ID family members including ID1 and ID3 does not occur, and possible interaction with ID4 has not been reported. Expression of ID4 appears to be more restricted to undifferentiated cell types within developmental lineages than other ID family members [49] . In a previous study, we identified ID4 as a putative SSC-specific marker and RB1 CONTROLS MALE GERMLINE STEM CELL FATE DECISIONS discovered that inactivation impairs maintenance of the SSC pool [27] . Until now, an interaction between ID4 and RB1 has not been described within any cell type, and we postulate this association is important for maintenance of the self-renewing stem cell state within a subset of spermatogonia.
In summary, results of this study have revealed that RB1 plays a diverse role in the regulation of fate determination within stem cells and progenitors of the mammalian germline. In a recent study, Hu et al. [17] also found that lack of RB1 expression in the germline beginning at the prospermatogonial stage leads to disruption in renewal of the undifferentiated spermatogonial population during early postnatal development and the germline is subsequently lost by 2 mo of age. In that study, the authors conclude that self-renewal of SSCs is disrupted by PD 5 in the absence of RB1 and the spermatogonial population is composed of transient amplifying progenitors. A hallmark of the stem cell state in all cell lineages is the capacity for self-renewal. Thus, we propose that impaired renewal of the undifferentiated spermatogonial population during early postnatal development indicates that the stem cell state is never specified within a subset of spermatogonia. Therefore, a foundational SSC pool is not formed during neonatal development in the absence of RB1. As a result, all spermatogonia derived from prospermatogonial precursors initiate differentiation, and the primary undifferentiated population is not renewed, leading to loss of the germline.
